MSNA correlated with H,PO;, whereas it correlated with pH in only one subject. To determine whether muscle reflex responses are evoked by H+, lactic acid, monoprotonated phosphate (HPO!-), or H,PO,, we injected H+, lactate, H,PO; [all 50 mM in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffered to pH 61, and HPOZ-(50 mM, pH 7.5 in 10 mM HEPES) into the arterial supply of the triceps surae of the cat (n = 9) as we measured mean arterial blood pressure (MAP). H,PO; increased MAP more than HPO!-, H+,orlactate(27.1 * 3 . 7~s .
5.0 f 1.3,4.6 3.1,and7.7* 3.2 rise in mmHg). This effect was a reflex, since H,PO; did not raise MAP after the sciatic nerve was cut. Thus H,PO; is a major stimulant of muscle afferents and in large part determines the degree of sympathoexcitation during exercise.
exercise; sympathetic nervous system; nuclear magnetic resonance; microneurography I DURING INTENSE OR ISCHEMIC exercise, the sympathetic nervous system is activated. This sympathetic activation contributes to an increase in heart rate, cardiac contractility, and vasoconstrictor tone (13). One afferent system important in this process is the metabolic stimulation of finely myelinated and unmyelinated muscle afferents by the metabolic by-products of exercise (9).
Data from many laboratories, including our own, have suggested that lactate production is an important determinant of muscle reflex responses to exercise (2, 15-17, 22, 23, 28). However, at physiological pH, lactate is mostly dissociated from H+, and lactate and € I + concentrations remain elevated for many minutes after exercise is completed (3, 17, 24).
. Lactic acid could be affecting muscle reflex responses through the acidification of some other metabolic product of contraction. One such product of contraction, Pi, is especially intriguing. The diprotonated form of phosphate (H,PO,) has been suggested as a mediator of muscle fatigue (12, 14, 31, 32) and muscle vasodilation (4).
The acid dissociation constant (pK,) for the conversion of the monoprotonated (HPOi-1 to the diprotonated form of phosphate is -6.8 (32). Thus during contraction the concentration of H,PO, will rise dramatically as the cell becomes acidic and as Pi is being generated. The pattern of change for both H+ and H,PO, will be delayed compared with total phosphate. On the cessation of exercise, H,PO, should tend to fall because Pi falls quickly as phosphocreatine (PCr) stores are regenerated. However, cellular pH stays depressed, since the fall in cellular H+ production is offset by the liberation of H+ as PCr is regenerated (11).
In this report, we performed experiments in two separate models. In humans, we made use of the varying metabolic fates of H+ and H,PO, described above and designed a forearm exercise paradigm to determine which substance correlates best with muscle sympathetic nerve activity (MSNA), our index of sympathoexcitation. In cats, we examined the ability of arterial infusions of H,PO, to evoke muscle reflexes. In the human experiments, H,PO, correlated well with MSNA, whereas pH did not. The animal experiments demonstrated that injections of H,PO; into the arterial supply of the triceps surae evoked far greater reflex increases of blood pressure than equimolar infusions of HPOf-, lactate, or buffered H+.
METHODS

Human Experiments
Subjects. For the human studies, eight normal volunteers (mean age 28 2 2 yr, range 24-35 yr) were studied. All were in good health, and none were taking medications. The Hershey Medical Center Clinical Investigation Committee approved all studies, and all subjects gave informed written consent to participate.
In the experiments to be described, we measured heart rate (HR, electrocardiogram), mean arterial blood pressure (MAP, mmHg) using an automated device that uses the modified volume clamp method (Finapres; Ohmeda, Fort Lee, NJ), respiration in some studies (pneumograph), and MSNA in the peroneal nerve using microneurography.
Microneurography. This technique provides an on-line and direct assessment of sympathetic nervous system activity. For these reasons, this was our primary index of sympathoexcitation. This method has been previously described in detail (8, 30) . Multi-unit sympathetic nerve recordings were obtained by placinga tungsten electrode (200-km shaft, 1-to 5-km tip) in a muscle fascicle within the peroneal nerve and a reference electrode in the adjacent subcutaneous tissue. The signal was amplified by a preamplifier ( 1 , 0 0 0~) and an amplifier (50-9 0~) .
The raw signal was filtered (700 and 2,000 Hz), rectified, and integrated to obtain a mean voltage neurogram. The neurogram was manually analyzed by counting the number of bursts and the total burst amplitude per minute.
31P-nuclear magnetic resonance (NMR) experiments. This method provides a repeatable, noninvasive measurement of muscle metabolism during both rest and exercise. The procedures for measuring high-energy phosphate metabolites in our laboratory have been previously described (24) . NMR methods to measure H,PO, in humans have also been described (12, 31, 32).
The 31P-NMR spectra were obtained with a 1.9-tesla, 26-cm bore, superconducting magnet (Oxford Instruments, Abbington, UK). The magnet was interfaced to a radiofrequency transmitter-receiver (Nicolet Instrument, Madison, WI). A 2.5-cm coil was placed over the flexor digitorum superficialis (FDS) muscle in the forearm. Room temperature gradients were adjusted to optimize proton homogeneity on tissue water. The spectra that were obtained were collected at 32.5 MHz and represented the Fourier transformation of 32 transients averaged over 60 s. In three subjects, studies were repeated on a separate day with 30-s acquisitions. Values of phosphate metabolites are in arbitrary units normalized to a value of 1.0 during resting conditions.
The relative concentrations of P, and PCr were determined by calculating the area under each respective resonance. The value of total phosphate at rest was considered 1 unit. Intracellular pH was calculated from the chemical shift of P, relative to a fixed peak position, in this case PCr. The relative concentration of P, that was present in the diprotonated form was determined from the pH, the relative concentration of P,, and the pK, for the conversion of HPOi-to H,PO, (12,31,32).
Protocol. The protocol for the human studies is shown in Fig. 1 . In the human protocol, all subjects performed two bouts of ischemic exercise with an interposed 1-min, nonischemic rest period. In four of eight subjects, we performed the NMR and microneurography experiments simultaneously. In the other four subjects, we performed the NMR and peroneal nerve recordings of MSNA at separate times. After maximal voluntary contraction (MVC) was determined, the subjects were placed supine with their nondominant forearm posi-4 Ischemic Handgrip Baseline tioned in the bore of the magnet and the NMR coil placed over the FDS muscle. A specially designed, nonmagnetic dynamometer was placed in the nondominant hand. An occlusion cuff was placed on the nondominant arm well above the position of the coil. The Finapres device was placed on the middle finger of the opposite hand.
After baseline data were obtained, an upper arm occlusion cuff was inflated to 250 mmHg. Five seconds later, subjects performed ischemic static handgrip at 50% of MVC for 2 min. At the time the subjects stopped gripping, flow to the forearm was reestablished, and the subjects rested. Fifty-five seconds after the start of recovery, the upper arm occlusion cuff was again inflated to 250 mmHg. Five seconds later, the subjects repeated ischemic handgrip at 50% MVC for an additional 1-2 min. At the end of exercise, flow to the forearm was reestablished, and hemodynamic data were recorded during a 5-min recovery period.
Recovery
Ischemic Rest Handgrip
Animal Experiments
Animal preparation. Experiments were conducted in 18 adult cats (3.82 2 0.21 kg, range 2.97-5.64 kg). The cats were preanesthetized with ketamine (30 mg/kg im). This was followed by an a-chloralose injection (25 mglkg iv), with additional doses as needed (5 mg/kg iv). The additional doses of chloralose were given if the cat responded by withdrawal to pressure applied to the paw or if surgical manipulations led to pressor responses.
The right jugular vein, right carotid artery, and trachea were cannulated. Arterial pressure was measured in the carotid artery using a Viggo-Spectramed transducer (Oxnard, CAI. HR was calculated from the MAP tracing. A temperature probe was placed in the rectum, and temperature was maintained at 36-38°C with a heating pad and a heating lamp. Of the 18 cats studied, 8 were placed on ventilators (model 683, Harvard Apparatus, South Natick, MA) and 10 had sufficient spontaneous respirations to sustain blood oxygen saturation and to avoid respiratory acidosis. In these 10 cats, a Hans Rudolph 8300B heated pneumotach (Kansas City, MO) with a Validyne pressure transducer (Northridge, CA) was used to measure expired airflow. Airflow was integrated to yield tidal volume. This was multiplied by the ventilatory rate to yield minute ventilation. Acid-base balance was maintained by giving NaHC03 intravenously (8.4%) as necessary.
The left femoral triangle was incised, and the femoral artery and its tributaries were isolated. The artery was punctured 
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A total of 18 animals were evaluated. All infusions were 3 ml.
with a 20-gauge needle, and PE-50 tubing was passed in a retrograde fashion into the branch of the femoral artery that supplies the triceps surae muscle group. After catheter placement, bleeding at the puncture site was controlled with local manual pressure. In virtually all the experiments, we observed substantial arterial backflow, suggesting collateral flow in the distribution of the cannulated vessel. Throughout the experiment, we gave infusions of 1-2 ml of arterial blood down the catheter to help ensure muscle viability. We used this retrograde cannulation approach to ensure that the injected arterial solutions were preferentially perfusing the triceps surae muscle group.
The femoral and obturator nerves were then isolated and cut. With the use of a posterior approach, the sciatic nerve was carefully isolated, and all branches not innervating the triceps surae muscle group were then cut.
We then surgically separated the skin off of the leg muscle down to the paw. The skin was then loosely redraped over the muscle. The skin was separated to exclude any potential stimulation of skin afferents during the arterial infusions.
Unless otherwise specified, all infusions were buffered in N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) dissolved in 0.9% NaCl. The pK, of HEPES is 7.31 at 37°C. HEPES has a large buffering capacity and is very soluble. As opposed to C02-HC03 buffers such as Tyrode solution, the pH of the HEPES-buffered solution will not rise as GO2 leaves the bloodstream and diffuses into the surrounding tissues.
The pH of the various phosphate solutions described below were made by mixing equimolar concentrations of NaH2P04 and Na2HP04 (each dissolved in 10 mM HEPES) until the appropriate pH was achieved. For the pH 4 phosphate solution, HCl was added to NaH2P04. The lactate solutions were made by dissolving sodium lactate in 10 mM HEPES and bringing the pH to the desired level by adding NaOH or HCl. The pH 6 HEPES was made by adding NaOH. Table 1 lists each protocol and the number of cats used for each portion of the study. Unless otherwise specified, all injections were 3 ml.
Statistics and Data Analysis
Human experiments. We analyzed the various NMR and reflex responses to the paradigm using a one-way analysis of variance. When significant F values were found, post hoc analysis was performed using a Tukey's test. Not all subjects were capable of performing 2 min of work during the second period of ischemic exercise. Therefore, we used only the last minute of this second bout of exercise in the analysis of variance. In addition, we used only the fifth minute of recovery in the analysis of variance to ensure that our statistical analysis would be equally affected by the various stages of the paradigm. To examine the relationship between sympathoexcitation and muscle metabolism, we performed linear regression analyses in each subject comparing MSNA and MAP to H,PO,, Pi, and H+ during each minute of the paradigm.
Animal experiments. In the animal protocols, blood pressure varied with the ventilatory cycle. To determine the increase in blood pressure with each infusion, we first determined the peak resting blood pressure during a 30-s period that immediately preceded the arterial infusion. We then subtracted this value from the peak pressure in response to the infusion.
In experiment 1, we analyzed the HR, MAP, and ventilatory responses to the various infusions using a one-way analysis of variance. If a significant main effect was noted, post hoc analysis was performed using a Tukey's test. In experiments 3 and 4 , paired t tests were used to compare the respective variables. In experiment 5, a two-way analysis of variance was used to analyze the effects of concentration (8, 16, 32, and 64 mM) and phosphate vs. lactate. The simple effects were used to analyze the effects of concentration for a given solution and to make comparisons of lactate vs. phosphate at a given concentration. For all statistics, P < 0.05 was considered significant.
All values are presented as means ? SE.
RESULTS
Human Studies
\
The mean values for the various parameters are shown in Table 2 . MSNA rose during the bouts of exercise and fell during the nonischemic recovery periods. The increases in MSNA during exercise were delayed, with a significant increase in MSNA first noted during the second minute of ischemic grip (Min 7 in Table 2 ). During the recovery periods, the fall in nerve traffic was rapid.
The changes in pH did not track the changes in MSNA. pH fell throughout the entire paradigm and reached its lowest value during recovery, at a time when MSNA had already returned toward baseline (see Rec 1 and 2 in Table 2 ). Total phosphate and H2P0, both tracked the changes in MSNA better than did pH. Total phosphate rose early and was statistically different from baseline after 1 min of ischemic grip (Min 6 in Table 2 ), whereas H2P0, was not different from baseline until the second minute of exercise (Min 7 in Table 2 ). During the period of rest that followed the first 2 min of ischemic exercise (i.e., Min 8 in Fig. 1 and Table 21 , both Pi and H,PO, values fell toward baseline. They both rose again during the second period of ischemic handgrip (Min 9 or 10 in Fig. 1 and Table 2 ). During the recovery period (Recovery in Fig. l) , both Pi and H2P0, returned toward baseline faster than did pH. , .
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We considered the possibility that the degree of decline in H,PO, during the 1-min rest period between the two bouts of exercise may have been underestimated because of the relatively long NMR spectra collection time (60 s). Longer collection times would tend to underestimate the rate and degree of the decline in phosphate. Accordingly, in three subjects we repeated these NMR studies and collected spectra every 30 s. Indeed, in two of three subjects, 1-min spectra did tend to underestimate the degree of decline in H,PO; observed during the 1-min rest period. Figure 2 presents the linear regression data from MSNA vs. H+, Pi, and H,PO, for each subject. We also did a linear regression analysis of MAP vs. H+, Pi, and H,PO,. We found that MAP correlated with H+ in only one of eight subjects, Pi correlated with MAP in six of eight subjects, and H,PO, correlated with MAP in five of eight subjects.
Data from the three subjects in whom we also gathered 30-s spectra showed r values for MSNA vs. H,PO, of 0.802, 0.730, and 0.554. All three were significant. The r values for MSNA vs. pH were 0.229, 0.039, and 0.151. None of these correlation coefficients were significant.
Animal Studies
During resting conditions, the MAP was 132.6 5 9.33 mmHg (n = 181, HR was 222.4 +-9.33 beats/min (n = IS), and minute ventilation was 503 +-58 ml/min (n = 10).
Experiment 1: comparison ofpH 6phosphate, p H 7.5 phosphate, p H 6 sodium lactate (all 50 mM i n 10 mM HEPES), and p H 6 (10 mM) HEPES. During resting conditions, MAP was 126 & 12 mmHg ( n = 9), HR was 243 ? 13 beats/min (n = 9), and minute ventilation was 561 + 85 ml/min ( n = 5). The 50 mM, predominantly diprotonated form of phosphate (pH 6) caused far greater increases in MAP than pH 7.5 phosphate (predominantly monoprotonated), the pH 6 sodium lactate, or pH 6 HEPES. This effect was a reflex, since cutting the sciatic nerve eliminated the pressor response to H,PO, (Figs. 3 and 4) . The pH 6 phosphate was the only substance that increased ventilation. The HR response was not affected by any of the infusions.
The calculated osmolarity for the 50 mM pH 6 phosphate was 435.6 mosmol/l, whereas the osmolarity of the pH 7.5 phosphate was 470.5 mosmol/l. This suggests that the preferential pressor response seen with the more acidic phosphate solution was not primarily due to the osmolarity of this substance.
Experiment 2: comparison of 50 mM phosphate and lactate at different levels of pH. We observed a relative leveling off in the pressor response at and below pH 6 for phosphate (Fig. 5A) but relatively progressive increases in MAP for lactate as the pH was lowered below 6 (Fig.  5C ). These patterns roughly corresponded to the relative percentage of the acidic forms of both the phosphate (Fig. 5B) and lactate (Fig. 50) in the various infusions.
Experiment 3: comparison of 50 mMphosphate in 10 mM HEPES at p H 6 us. 60 mM HEPES at p H 6 (n = 9). We observed a much greater effect of the H,PO, solution compared with the HEPES buffer (27.1 +-3.7 vs.
13.3 f 2.7 mmHg rise; P < 0.05).
Additionally, in one cat we compared 50 mM H,PO, pH 6 in 10 mM HEPES to 50 mM H,PO, pH 6 buffered in 10 mM 3-(N-morpholino)propanesulfonic acid buffer (pK, 7.2 at 25°C). We observed similar pressor responses (27.5 vs. 20.6 mmHg rise), suggesting that the pressor responses to phosphate are not due to a phosphatebuffer interaction.
Experiment 4: comparison of 25 and 50 mM phosphate solutions at p H 6 (n = 4). In all four cats, an increase in MAP was demonstrated with the 25 mM H,PO,. The response tended to be less than that observed when 50 mM H,PO; was infused (20.0 5 2.0 vs. 31.8 k 4.3 rise in mmHg). In one cat, we infused 1 ml of 25 mM H,PO, buffered in 10 mM HEPES. This evoked a 13.1 mmHg increase in M A P .
Experiment 5: comparison of p H 6.8 phosphate and lactate solutions (8, 16, 32 , and 64 mM) (n = 4). The results of these studies are shown in Table 3 . The pressor response increased as the phosphate concentration increased; no such relationship was noted for lactate. In all four cats, the increase in MAP during the 16 mM phosphate infusion was greater than the baseline value.
Experiment 6: effects of 0.9% NaCl (n = 3). We infused 3-ml infusions into the hindlimb of three cats. We did not observe a pressor response in any of the animals. Timeline is shown in bottom right corner. Infusion times for HEPES in this cat were slightly longer than for other substances. However, infusion times for HEPES in group of 9 cats were not systematically longer than for other substances shown above.
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DISCUSSION
The major findings in this paper are the following. 1) During the human exercise paradigm, cellular concentrations of H,PO, correlated with MSNA in seven of eight subjects. Cellular pH (or H+) correlated with MSNA in only one of eight subjects. 2) In cats, the pressor responses to infusions of pH 6 phosphate were far greater than those seen when HEPES or lactate of equal pH was infused.
3) The pressor responses to arterial infusions of pH 6 phosphate (predominantly diprotonated phosphate) were greater than the responses to pH 7.5 phosphate (predominantly monoprotonated phosphate). We believe these findings are consistent with the concept that during exercise the muscle cell becomes acidic and DhosDhate is liberated. This reflex response (2, 15-17, 22, 23, 28) . However, in the range of pH values likely to be observed in the muscle interstitium during exercise, most of the lactic acid generated will be in the form of the lactate ion (Fig. 5) . Previous studies suggest that lactate is far less effective than lactic acid in evoking muscle reflex responses when directly infused into the arterial supply of the rat or cat hindlimb (17, 28) . Moreover, at the end of exercise, various indexes of sympathoexcitation return quickly to baseline, whereas lactate levels (or cellular pH values) take far longer to return to their baseline values (2, 17, 24) . These observations have led us to investigate whether lactic acid could be acting indirectly to acidify some other cellular product of contraction whose pK, is closer to the range of the cellular and interstitial pH values noted during exercise. As stated in Rowell's textbook (20) , "Ideally, one might expect that substances which mediate vasodilation in active muscle would also activate muscle re- Values are means ? SE; n = 4 cats for our observations. Pointwise analyses performed using simple effects. *Difference between lactate and phosphate in evoking a pressor response at a given concentration. Statistics: concentration, F = 4.32 and P = 0.04; lactate vs. phosphate, F = 5.17 and P = 0.11; interaction, F = 4.58 and P = 0.03; simple effects for lactate, P = 0.63; simple effects for phosphate, P = 0.03. ) have suggested that this substance may be the muscle by-product responsible for metabolic vasodilation. Accordingly, we speculated that diprotonated phosphate might be an important muscle afferent stimulant contributing t o the exercise pressor reflex.
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In the human studies, we dissociated the time course of H,PO, from H+ (and pH). The divergence in patterns of change for H,PO, and H+ were striking during the 1-min nonischemic rest period interposed between the two bouts of ischemic exercise (Min 8 in Table 2) . Thereafter, H,PO, again rose during the second bout of exercise and returned to baseline relatively quickly during the recovery period. On the other hand, pH became more acidic during the second bout of exercise and remained this way even after 5 min of recovery. Linear regression data in individual subjects demonstrated that the pattern seen with H,PO, paralleled changes in MSNA, whereas pH correlated poorly with MSNA in the majority of the subjects. We should also point out that relative Pi correlated with MSNA in five of eight subjects. Therefore, we could not exclude an effect of monoprotonated phosphate on muscle afferents based on these studies.
To further address the relationship between the various aforementioned metabolic substances and afferent reflexes, we performed a series of animal studies that directly examined whether arterial infusions of these substances would evoke muscle reflex responses. These studies demonstrated that arterially-infused diprotonated phosphate (at pH 6) was far more effective in evoking this reflex than monoprotonated phosphate (pH 7.5), pH 6 HEPES, or lactate (pH 6). On first appearances, these findings seem at odds with prior experiments conducted in a number of laboratories suggesting that lactic acid is an important determinant of muscle afferent responses. However, we would argue that these findings confirm the importance of cellular acidification in the process of afferent activation. During exercise, lactate is produced and cellular pH falls. This exercise-induced production in lactate is the major cause of cellular acidification (7). Thus, without the production of lactate, there would be little cellular acidification, and the majority of phosphate generated during exercise would remain in the monoprotonated form. In this report, arterial infusions of monoprotonated phosphate had no effect on pressor responses. Thus these experiments are consistent with prior studies demonstrating a link between lactate production and muscle reflex responses (2, 15, 23, 25) . Moreover, our findings confirm that arterial acidic lactate infusions (pH 4) are capable of evoking a pressor reflex (17, 23) .
Limitations
Several potential limitations should be considered in this study. First, our human studies were performed under ischemic conditions, and similar results may not have been found if we had used a nonischemic paradigm. We utilized this approach to limit aerobic metabolism and thereby to enhance the cellular reliance on anaerobic glycolysis and PCr breakdown. Under these circumstances, we would ensure cellular acidification and the production of large quantities of diprotonated phosphate. In short, we were willing to accept the potential limitations imposed by the nonphysiological nature of the paradigm to ensure that we were able to cause cellular acidification and high relative concentrations of cellular H2P0,.
In the human studies, it could be argued that the cellular acidosis developed during exercise affected the spin-lattice relaxation time (TI) for phosphate. This could have led to an artifactual overestimation of H2P0, and total Pi. However, to explain the entire increase in H2P0, would require TI of phosphate to change from N 5 s to < 1 s. This is extremely unlikely, especially in light of recent experiments by Meyer and Adams (10). In these studies, the authors found no effect of pulse interval on Pi integrals during gastrocnemius muscle contractions (supramaximal tetanic contractions, 2 ms, 1 Hz, for 4.5 min). This degree of stimulation caused a 500% increase in Pi and presumably caused a substantial fall in cellular pH.
The concentration of H,PO, used in the primary animal experiments may not have been physiological. We chose infusate concentrations higher than those likely to be seen in the interstitiurn, because we anticipated that the concentration of diprotonated phosphate would immediately fall on infusion due to dilution and diffusion. Because we cannot accurately and specifically measure the interstitial concentrations of any potential putative substances, we cannot determine whether the concentrations used were higher, lower, or the same as those seen with muscle contraction.
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In an effort to address this issue, we performed the additional dose response studies presented in Table 3 . These studies suggest that 3-ml infusions of pH 6.8 phosphate at a concentration as low as 16 mM (an H,PO, concentration of -8 mM) evoked a pressor response. Tibes et al. (29) , using lymphatic effluent of the hindlimb, suggest that the concentration of phosphate in the interstitium during contraction may be in the range of 4 mmol (estimated H,PO, of 2 mmol at pH 6.8). If it is assumed that the injectates are diluted by the arterial blood and the infused substances do not entirely reach equilibrium with the interstitium, then the difference in concentration between the injectate and the assumed interstitial concentrations is not that different. Based on this line of reasoning, we would suggest that physiological concentrations of H2P0, stimulate metabolite-sensitive afferents and evoke pressor responses.
We should point out that KnifEi et al. (6) previously demonstrated that H2P0, did not stimulate a high percentage of group IV muscle afferents when infused into the arterial supply of the cat hindlimb. However, in these studies the phosphate was buffered in a Tyrode solution. This system relies on a bicarbonate-C02 buffer system. C02, the acid in this buffer system, diffuses and equilibrates rapidly once it enters the bloodstream. Thus the pH of the infused phosphate will rapidly approach the pH of blood. Under these conditions, the concentration of H2P0, reaching the group IV nerve ending was likely to be far less than the infused concentration. This may in part explain the differences in results between the prior study and this report.
The results of our studies do not support the concept that H,PO, is the sole muscle metaboreceptor stimulant. Indeed, the regression data from our human experiments suggest that changes in H,PO, account for only 37-76% of the variance in MSNA response. It is likely that a number of other substances, including potassium (3, 5, 211, prostaglandins (18, 19, 271 , bradykinin (261, and adenosine (1) contribute either directly or indirectly to muscle metaboreflex responses to exercise.
Rotto and Kaufman (16) demonstrated that 1 ml of 400 mM phosphate at pH 7.5 stimulated 28% of group I11 muscle afferents when injected into the arterial supply of the triceps surae. At this concentration of phosphate and at this pH, the concentration of H2P0, was 60 mM. Thus we believe our findings are consistent with the prior observations of Rotto and Kaufman (16).
Our animal studies do not allow us to say whether infusions of H2P0, could have led to the efflux of some other substance that could be a primary metaboreceptor stimulant. One such important potential substance is potassium. A fall in interstitial pH could well lead to an efflux of potassium and the secondary stimulation of the interstitial muscle derents.
In conclusion, this report suggests that diprotonated phosphate is a stimulant of muscle reflexes in both animals and humans. We believe these results are consistent with the hypothesis that this substance is an 8 8 H778 DIPROTONATED PHOSPHATE AND MUSCLE REFLEXES important afferent stimulant produced during ischemic exercise.
